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Introduction

Techniques were

developed to

study

the microdistribution of aerobic enzymes
and myoglobin directly on the surfaces of

slices of meat.
Despite its solubility,
the in vivo distribution of myoglobin was
preserved post mortem and,
in pork,
the
distribution of myoglobin followed the
distribution of aerobic muscle fibers.
Aerobic fibers were grouped centrally in
their fasciculi.
Differences in oxidative enzyme activity between central and
peripheral fibers within fasciculi
were
detected by staining with methylene blue
in an atmosphere with controlled levels
of oxygen and
nitrogen.
Within individual aerobic fibers,
there was a radial
gradient of SOH (succinate dehydrogenase)
activity with more intense activity in
the subsarcolemmal region.
However, the
magnitude of the slope of the gradient in
each fiber was a function of
reaction
time.
Within individual aerobic fibers,
myoglobin was distributed evenly across
the fiber.
By fiber optic spectrophotometry,
myoglobin had
an absorbance peak
at 560 run and a low absorbance at 490 nm.
When converted to nitrosylhemochrome in
hams cured with sodium nitrite, there was
a marked increase in absorbance at both
490 and 560 nm.
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The histochemical analysis of frozen
sections of pork muscles obtained immediately post mortem shows that,
in vivo,
myoglobin is
concentrated in
muscle
fibers with strong aerobic enzyme activity (Morita et al., 1969). Thus, muscles
with a greater proportion of aerobic
fibers appear darker or more red in color
(Beecher et al .,
1965).
In the present
study, observations were made directly on
the surfaces of slices of meat to determine if the microdistribution of myoglobin maintains its original pattern with
respect to the distribution of oxidative
enzyme activity post mortem.
Fiber optic
spectrophotometry was used to measure the
absorbance spectrum of nitrosylhemochrome
formed from myoglobin in cured pork.
By light microscopy, the intracellular distribution of SOH activity within
skeletal muscle fibers can be mapped with
a scanning stage after
the outlines of a
fiber have been delineated by the observer
(Swatland,
1983).
However,
the
information contained in such maps is
difficult
to
evaluate
statistically
unless it is simplified and standardized
in some way.
One solution is to calculate the slope of a radial gradient of
enzyme activity within the fiber
on the
assumption that muscle fibers are essentially cylindrical in nature.
Research
was undertaken to investigate the effect
of incubation time on
the development of
radial gradients of enzyme activity. The
long term objective of these studies is
to improve the spatial resolution of meat
colorimetry.
Materials and Methods
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Optical Equipment
The apparatus is shown diagrammatically in Figure 1.
On one side (components c
to E in Figure 1)
was a fiber
optic system while on the other side was
a Zeiss Universal light microscope with
attachments (components H to L in Figure
1). Both systems were linked to the same
motor-driven interference filter monochromator with a
range from 400 to 700 nm
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the sample to the photometer was carried
by a coherent fiber optic bundle in the
axis of the light guide.
A coherent
fiber optic bundle is one in which the
relative positions of the optical fibers
are maintained along the bundle so that
an image can be generated.
In a noncoherent bundle,
relative positions are
not maintained. The light from the illuminator to the sample was carried noncoherently by fibers around the axial
bundle.
The photometer branch of the
coherent light guide was bolted into a
flat metal plate with the same dimensions
as a glass microscope slide and this was
held by the scanning stage (a link from D
to J in Figure l). The microscope system
was composed of a photometer head with an
automatic shutter (Zeiss MPM-03; component H in Figure 1), a Zeiss Universal
microscope {I in Figure 1), a 0.5 pm-step
scanning stage {J in Figure 1), a solenoid operated field stop aperture
(K in
Figure 1), and a 12 v 100 w halogen illuminator (L in Figure 1).
Measurement ~ SDH gradients
The terms '' site ", ''area'', and "run''
are used here in a particular manner.
A
site is a unique position of the scanning
stage with respect to the optical axis of
the microscope, and is defined by its X:Y

(B in Figure 1) and to the same photomultiplier (A in Figure 1). The monochromator and the photomultiplier were operated
from a microcomputer (Zeiss Zonax; component M in Figure l) from which data could
be sent to a matr ix printer (N in Figure
1)
or to another microcomputer (Horizon
NorthStar)
for storage and transmission
to a mainframe computer.
Details of the
sample chambers for
the microscope are
shown in Figure 2.

Figure l. Apparatus used for fiber optic
spectrophotometry (components C to F) and
for light microscopy (components H to L).
Photomultiplier, A;
monochromator, B;
shutters, C, H and K;
light guide , D;
illuminators, E and L;
standardization
cells, F and G; microscope, I;
scanning
stage, J; microcomputer, M;
and printer,
N.
The fiber optic system was composed
of a Zeiss solenoid-operated shutter (C
in Figure 1),
a bifurcated non-coherent
light guide (PBL Electro-optics, New London, NH; part BLGS-1875-36-M; component D
in Figure 1),
and a 12 v 100 w halogen
light source (E in Figure 1).
To investigate the degree of spatial resolution
that was possible with fiber optic spectrophotometry,
the non-coherent light
guide (D in Figure 1)
was replaced by
another guide
(adapted from Model FSlOO
Industrial Fiberscope, AO Fiber Optics,
Southbridge, MA)
in which the light from

Figure 2.
Sample chambers (parts not to
scale). Chamber A was used for measuring
changes in absorbance in a histological
section during the course of a histochemical reaction. Cover slips glued to each
end of the slide made a fluid-filled
chamber over the muscle section (arrow).
Chamber B was used to examine 1-mm thick
slices of pork.
On top of the spacer
ring was placed a microscope cover slip
or
coherent fiber optic plate
(not
shown).
The arrows indicate entry ports
for nitrogen or oxygen gas.
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To set
the photometer
to 100%
transmittance, the section was then moved
under keyboard control so that a blank
area between two muscle fibers was in the
optical axis.
A drop of medium for the
enzyme reaction (0.54 g sodium succinate
and 5 mg nitroblue tetrazolium in 10 ml
0.2 M phosphate buffer at pH 7.4)
was
placed on the section and zero time was
set for a series of runs using the internal clock of the microcomputer .
A cover
slip
was placed
over the
section.
Because of the two cover slips already
glued to the slide on each side of the
section, a depth of approximately 0.15 mm
of incubati ng medium remained over the
section to allow the reaction to continue
freely.
The high voltage power supply
and the gain of the photomultiplier were
then set at zero absorbance on the blank
area flooded with incubation medium and
the first run was initiated immediately
after the photometer was set .
Runs were
repeated at intervals .
Data were converted to absorbance units and radial
gradients were calculated
from leastsquares linear
regressions
(Swatland,
1983).
Fiber optic spectrophotometry
One of two methods was used to set
the photometer to zero absorbance for
non-coherent fiber optic spectrophotometry.
The first used a test cell that
held the tip of the fiber optic probe at
a distance of 3 mm from a newly-pressed
barium sulfate test plate
(G in Figure
1).
The second used a 7 em diameter
integrating sphere with a white interior
and a single port (Labsphere, North Sutton, NH,
part IS030-WR, component F in
Figure 1) .
The common trunk of the
bifurcated non-coherent light guide used
in the present study was coated with a
flat layer of epoxy resin that modified
its optical properties.
The light guide
was tested as follows.
The guard above
the barium sulfate test plate (component
G in Figure 1) was removed and the tip of
the common trunk of the light guide was
placed in contact with the plate .
The
trunk was moved away from the test plate
in increments of 1 mm with a micromanipulator and, in a dark room,
the amount of
light returned to the photometer was measured at different wavelengths.
The
amount of light returned was almost constant from 5 to 12 mm .
The proportion of
light returned was independent of wavelength.
When the photometer was set at
100% reflectance against the flat barium
sulfate plate,
the proportion of light
returned from an integrating sphere (component F in Figure 1) was the same at all
wavelengths.
Curing .2! hams
The hams from six pigs (live weights

c oor d inate s.
An area is a collection of
adjacent s ites through which the stage
moves and at which optical measurements
are made.
A run is a series of measurements at different areas.
In a run, no
area is measured more than once, and no
measurements are made as the stage moves
between areas.
A series of runs allows
areas to be measured repeatedly for the
study of dynamic (time-based)
changes in
optical absorbance such as those that
occur progressively during the course of
a histochemical reaction.
Frozen transverse sections
(10 pm
thick)
of porcine adductor muscles (from
3 sows at about 150 kg live weight) were
collected on microscope slides coated
with egg albumen which was dried onto the
glass.
Cover slips were glued directly
to the glass at each end of the slide
with rubber cement as shown in Figure 2.
The section was examined with the scanning stage of the microscope under manual
control from the microcomputer keyboard .
Figure 3 shows how the areas to be measured were defined. First, the stage was
moved so that the optical axis of the
microscope corresponded to the central
axis of a particular muscle fiber and the
coordinates of this position were stored.
Second,
the stage was moved eastwards
until the edge of the fiber was reached
and the coordinates of this position were
stored.
These
two operations
were
repeated for each of the areas to be examined in the run.

Figure 3. Computer display of the absorbance of diformazan in a single muscle
fiber reacted for SDH. The plotting symbols are:
(.)
absorbance <= 0.5;
(o)
absorbance > 0. 5 and <= 1. 0; and
(*)
absorbance > 1.0.
The large asterisk
marks the central axis of the muscle
fiber and
the large arrow indicates the
radius along which measurements were made
as the histochemical reaction was in progress.
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79.5 to 90.9 kg)
were pumped with curing
brine (75.6 g / 1 NaC1, 15 g/1 sugar) which
co nta ined a different level of sodium
nitrite for each ham (from 0 to 2.2 g/1
in 0.2 g/1 increments).
The hams were
kept individually in plastic bags covered
with pickle for
24 h.
After
being
smoked,
the hams we re
transected at the
mi dleng th of
the femur and the color of
the main part of the biceps fe mor is was
measured with the
non-coherent fiber
optic probe directly on the face of each
ham.

SDH gradients
In some fibers of the adductor muscle, SDH activity was greater in the subsarcolemmal
region than in the central
axis of the muscle fiber and the absorbance increased as the stage moved radially in s teps of 2 pm (Figure 3) .
Radial
gradients increased with the length of
the incuba tion time (Figure 4). The data
in Figure 4 are grouped by runs and are
shown in histogram form because time is
not measured exactly on the x-axis.
The
runs were started at regular intervals of
6 min but
the number of areas and sites
within the runs was variable.
Microdistribution ~ Myoglobin
Thick (1 mm)
transverse slices of
longissimus dorsi and adductor muscl es
were placed in an optical chamber under a
controlled atmosphere
(Figure 2).
The
microdistribution
of
myoglobin
wa s
observed directly on the surface of the
muscle slice (Figure 5) .
A continuous flow of ga s was ne cessary to stop the cover slip from fogging
over. The gas escaped between the space r
ring and the cover slip.
Despite the
solubility of myoglobin and the translocation of fluids that probably occurred
when the pork was sliced,
the myoglobin
wa s
still contained with the aerobic
fibers in the centers of fasciculi.
The
identity of the aerobic fibers was determined by flooding the face of the muscle
slice with either the nitroblue tetrazolium incubation medium used previously
for SDH or with 0.05% methylene blue in
physiological saline.
Both tetrazolium
salts and methylene blue act as electron
acceptors in enzyme-catalyzed oxidations
(Pearse,
1972).
The fibers
that contained myoglobin were stained with tetrazolium salts or methylene blue
(Figure
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Figure 4.
Effect of reaction time on the
radial gradient of absorbance of diformazan produced in the SOH reaction .
The
radial gradient is expressed in terms of
absorbance units per 2-pm step of
the
scanning stage . The interval between the
start of each run was 6 min. These cumulative data (n = 29)
include fibers with
a wide range in ove rall SDH activity.

spread to peripheral fibers.
When the
chamber was flushed with nitrogen, muscle
fibers did not become deeply stained and
those that had been stained after earlier
exposure to oxygen lost their stain under
nitrogen.
Fibers in the periphery of
fasciculi
were more
rapidly destained
under nitrogen than fibers located centrally.
Figure
shows the appearance of
fibers containing myoglobin and stained
with methylene blue when they were viewed
through a coherent fiber
optic plate
directly on the meat surface .
A section
stained with methylene blue is shown so
that cellular boundaries and the grouping
of fibers
in fasciculi
are more easily

6).

The l evel of staining with methylene
blue could be controlled by altering the
flow rates of oxygen and nitrogen.
When
the chamber was flushed with oxygen the
muscle fibers became intensel y stained .
Staining was initiated in fibers located
centrally within fasciculi but it later
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!~~~~ z~;~e m:~~ s~~=~h~~el e~:soi~~~~~ ~ ~
the fib e r opti c face plate but the light
guide could be linked to the microscope
system (from C to J in Figure 1).
Thus,
the scanning stage was used to position
individual optical fibers in the optical
axis of the microscope for spectrophotometric measurement.
The testing of this
technique is still in progress.

Figure 5.
The microdistribution of myoglobin seen on the surface of a slice of
pork.
Myoglobin is restricted to fibers
located centrally within their fasciculi,
as indicated by an arrow .
Illumination
is brighter in the center of the figure
than at the edge. Bar scale = 100 pm.

Figure 7 .
The appearance of methyleneblue s tained pork when seen through a
coherent fiber optic plate. Illumination
is brighter in the c e nt e r o f the figur e
than at the edge. Bar s c al e = 100

fm.

Spectral properties ~ myoglobin
The ham that received no n i trite was
a dull gray color.
All the nitritetreated hams had formed nitrosylhemochrome and there was no obvious relationship between
the degree
of pigment
f ormation and the level of nitrite in the
ham.
Thus, the formation of nitrosylhe mochrome behaved as an all or none reaction in this study.
The hams were measured with a noncoherent light guide so
that measurements were based on the light
~~;u~~~~u~r~~ ~~ 3 ~~luminated cone of tis-

Figure 6. The surface of a slice of pork
washed with methylene blue and maintained
under a controlled balance of nitrogen
and oxygen gas.
Myoglobin-containing
fibers
located centrally within their
fasciculi were reversibly stained with
methylene blue as a result of their oxidative enzyme activity.
Illumination is
brighter in the center of the figure than
at the edge . Bar scale = 100 pm.

The extreme spectral range from the
raw color
(before being pumped)
to the
darkest cured color is shown in Figure 8.
Raw pork had an absorbance peak at 560 nm
and low absorbance at 490 nm. Conversion
to nitrosylhemochrome was accompanied by
a marked increase in absorbance at 490 nm
and an elevation of the 560 nm peak.
Spectra from all the nitrite- treated hams
fell somewhere between the limits of the
two spectra shown in Figure 8.

seen in the figure.
The corresponding
distribution of myoglobin in unstained
preparations was detectable subjectively
and spectrophotometrically but was difficult to demonstrate clearly in black and
white photomicrographs.
The resolution
obtained with a coherent fiber optic
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techniques.
As shown, it is possible to
increase greatly the degree of microstructural resolution in meat colorimetry.
In practical examples such as, (1) commlnuted meat products,
(2)
pink spots in
cooked non-cured meat due to nitrite contamination from spices, (3) gray spots in
cured ham due to incomplete penetration
of nitrite, (4) surface spoilage, or (5)
pathological
lesions in
meat,
the
affected areas may have a small size that
makes them difficult to measure with
existing methods of colorimetry.
As
demonstrated here,
spatial resolution at
the level of muscle fasciculi is attainable by fiber optics and would be appropriate for the study of these problems.
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Discussion
The results
reported here indicate
that quantitative measurements of differences in enzyme activity made between two
or more sites in a section are dependent
on incubation time.
Incubation time
must, therefore,
either be kept constant
or else taken into account when comparing
data from different sections. This principle also extends to section thickness
and to any factors that affect the rate
of enzyme activity.
The use of methylene
blue as a
histochemical reagent was
eclipsed by the advent of tetrazolium
salts with a stable final
reaction product (Pearse, 1972).
However,
as shown
in the present study,
the unstable indicator-like properties of methylene blue
can be used advantageously to examine
metabolically
active
meat
surfaces.
Thus,
with further
development of the
system described here it may be possible
to study oxidative metabolism on the meat
surface as well as
to measure meat color
at the microstructural level.
Both the
macroscopic reflectance
colorimetry of sliced meat and the analysis of the microstructure of meat are
common techniques in meat research.
The
intention of the studies reported here
was
to
link
together
these
two

Discussion with Reviewers
£.~.

Voyle:
Have you any information on
the correlation between microdistribution
of myoglobin and of oxidative enzyme
activity post-mortem, as implied in your
Introduction?
Author:
Yes. On an intercellular basis,
fibers with strong aerobic enzyme activity (SOH)
had the highest levels of myoglobin.
On an intracellular basis,
no
correspondence was detected in the relationship between aerobic enzyme activity
and myoglobin distribution.
£.~.
Voyle:
How do the results obtained
by the described method of fibre optic
spectrophotomet ry compare with those currently used to measure colour at meat
surfaces?
Author:
Fiber optic spectrophotometry
g1ves similar results
to macroscopic
reflectance except in the low wavelengths
(<

460 nm) •

.s;_.~.

Voyle:
Is it not possible to produce uniform illumination for Figures 5
and 7?
Author:
The problem is due to the use of
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an ordinary substage condenser with thick
slices of meat.
The problem could be
avoided with some other type of substage
system.
R.J. Carroll: The spectral measurements
Were made using the non-coherent light
guide;
the muscle morphology micrographs
were made using the coherent light guide.
Would you explain the rationale for using
the non-coherent and the coherent light
guides in each situation?
Author:
The
earliest
observations
(absorbance spectra)
were made with the
non-coherent light guide.
I then started
to investigate
coherent systems
and
obtained the image shown in Figure 7
using a plate of coherent optical fibers.
I then built a coherent fiber optic system with a flexible light guide and coupled it to the scanning stage.
At the
present time,
I am just about to write
the software to link the scanning stage
to the coherent fiber optic system so as
to make spectrophotometric measurements
on the light from individual optical
fibers .
R.G. Cassens: The author comments on the
PrOblems solubility of myoglobin causes
in doing histochemical analysis.
Were
any time course studies conducted to determine how long of ii time peri.oct postmortem was safe before diffusion became
evident?
Author:
In the peroxidase histochemical
react~on for myoglobin,
the solubility of
myoglobin can be overcome by combining
sulfosalicylic acid in the first step of
the reaction
(Swatland,
H.J.
1979.
Stain , Tech.
54: 245-249).
In the present study using thick slices of meat,
the localization of myoglobin to certain
muscle fibers was evident at least several days postmortem.
Thus,
although
myoglobin is very soluble, it does not
appear to leave the muscle fiber
in the
fresh product.
However,
I
have not
investigated this topic with any time
course studies.
R.G. Cassens:
In regard to hams,
the
Collclusion was made that level of nitrite
used was not related to degree of pigment
formation.
Does the author wish to qualify this statement in any way to take
into account the possibility of fading of
color levels of nitrite?
Author:
I am an absolute novice at producing nitrosylhemochrome in a piece of
pork.
I was very suspicious of the
industrial-type
calculations used
to
estimate the nitrite levels required in

the brine, and then very suprised to find
that the reaction appeared to be an allor-nothing response.
In fact, where the
control ham with no nitrite touched the
next ham with the lowest level of nitrite
by accident in the smokehouse, sufficient
nitrite diffused across to create nitrosylhemochrome to a depth of several millimeters in the control ham.
The point
that you make (that pigment may have been
unstable at low nitrite levels)
may well
be correct, and is something that I will
certainly bear in mind in any future studies on this topic.
E . A Davis: What are the reflectance maxTma of myoglobin and nitrosylhemochrome?
How are they influenced by the different
oxidation states of myoglobin? Would the
different oxidation states of myoglobin
cause one to misinterpret the nitrosylhemochrome data?
Author:
With the system I have at present, wavelength discrimination is only
possible at about 10 nm intervals.
This
is partly because of the relationship
between aperture size and the length of
the continuous interference filter,
and
partly because of a difficult interaction
between the software and the stepping
motor
that drives
the monochromator.
This makes the accurate definition of
spectral peaks and the resolution of
spectral shifts ra t her difficult.
For
example,
sometimes it is possible with
fiber optics to detect the dent that
appears in the myoglobin peak when the
pigment is converted to o xymyo g l obi n, but
it depend s how deep into the meat that
the formation of oxymyoglobin has occurred.
A similar s ituation occurs with
oxidation to form metmyoglobin.
When
working with isolated pigments in solution, one can obtain a homogeneous system
in the light path.
~Vhen working
with
macroscopic reflectance colorimetry, one
is dealing mainly with pigments in the
surface layer of the meat.
With fiber
optics, however, measurements are based
on an illuminated cone of tissue that
includes the interior of the sample as
well as the sample surface. This is both
the strength and the weakness of this new
system.
Its strength is that it is very
good for detecting pH-dependent light
scattering and separating this from the
overall concentration of myoglobin derivatives .
One would not, however, choose
to use a fiber optic probe on a solid
meat sample as a method to investigate
the spectral properties of pigments.
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